Purpose: This phase I trial assessed the safety, efficacy, and immunologic responses to minor histocompatibility antigens following nonmyeloablative allogeneic hematopoietic cell transplantation as treatment for metastatic renal cell carcinoma.
INTRODUCTION
Metastatic renal cell carcinoma (1) is poorly responsive to conventional chemotherapy and results in the death of ϳ12,000 patients per year in the United States (1, 2) . Immunotherapy with interleukin-2 (IL-2) or IFN-␣ may induce objective clinical responses in ϳ15% of patients selected for intact performance status (3) . The basis for the clinical response of renal cell carcinoma to IL-2 or IFN-␣ is poorly understood but might involve enhancement of natural killer cell activity (4), the induction of secondary cytokines with antitumor activity (5, 6) , or augmentation of a tumorreactive cellular immune response. The contribution of T cells to the antitumor effect of cytokine therapy is suggested by studies of a murine model showing that a protective CD8 ϩ CTL response can be induced against the Renca renal cell carcinoma tumor after vaccination protocols incorporating adjuvant cytokines (7, 8) . In addition, CTL lines and CD8 ϩ CTL clones recognizing autologous renal cell carcinoma tumor cells have been isolated from tumorinfiltrating lymphocytes or peripheral blood mononuclear cells (PBMCs) of some renal cell carcinoma patients (9 -11) .
The low response rate of metastatic renal cell carcinoma to IL-2 or IFN-␣ therapy has stimulated the search for innovative treatment modalities. One approach involves reduced intensity allogeneic hematopoietic cell transplantation, which has been used effectively to treat refractory hematologic malignancies (12) . A subset of solid tumors including renal cell carcinoma also respond to the graft-versus-tumor effect of reduced intensity allogeneic hematopoietic cell transplantation. Childs et al. (13) reported the results of 19 patients with progressive metastatic renal cell carcinoma treated with cyclophosphamide and fludarabine followed by allogeneic hematopoietic cell transplantation and posttransplant immunosuppression with cyclosporine. Hospitalization was required for management of acute toxicity of the preparative regimen, and two patients died from transplant related causes. Ten patients (53%) achieved objective clinical responses, and 3 patients (16%) experienced complete remissions of disease. Subsequent reports from other centers confirmed that similar treatment protocols could induce objective regression of metastatic renal cell carcinoma in 8 to 57% of patients (14 -18) .
In recipients of MHC-matched grafts, donor-derived CD8 ϩ CTL recognize minor histocompatibility (H) antigens on recipient tissues and may contribute to both posttransplant graftversus-tumor effects, as well as to graft-versus-host disease (GVHD; ref. 19 ). The preparative regimens for reduced intensity allogeneic hematopoietic cell transplantation used chemotherapeutic agents that lacked activity against renal cell carcinoma. Several observations implicated a role for donor T cells in renal cell carcinoma regression. These observations included the delay of tumor regression for months after transplantation and a correlation of tumor regression with the withdrawal of immune suppression, the development of full donor chimerism of CD3 ϩ cells, and the development of acute or chronic GVHD. An increased number of IFN-␥-producing CD8 ϩ T cells in the posttransplant peripheral blood of allogeneic hematopoietic cell transplantation recipients has also been found to correlate with renal cell carcinoma regression (20) .
The results of pilot studies of reduced intensity allogeneic hematopoietic cell transplantation for renal cell carcinoma have prompted the initiation of a multicenter phase II intergroup trial (Cancer and Leukemia Group B C90003) to additionally evaluate the response rate and toxicity of this approach, with a treatment protocol similar in design to that used in pilot studies (13, 14) . However, the optimal preparative and posttransplant immunosuppressive regimens for individual malignancies have not been defined. A low-intensity regimen for nonmyeloablative allogeneic hematopoietic cell transplantation that can be administered in an outpatient setting with mild conditioning-related toxicity has been developed and used to treat Ͼ700 patients with hematologic malignancies in Seattle, Washington, and at collaborating treatment centers. The treatment regimen consists of preparative therapy with fludarabine (30 mg/m 2 /day for 3 days) and 2 Gy of total body irradiation followed by allogeneic peripheral blood stem cell infusion and posttransplant immunosuppression with cyclosporine and mycophenolate mofetil (12, 21) . The day 100 mortality from transplant-related causes has been Ͻ10% with this regimen, and rates of GVHD are reduced compared with conventional myeloablative hematopoietic cell transplantation (22) . Sustained engraftment has been achieved in Ͼ95% of hematopoietic cell transplantation recipients from HLA-identical sibling donors (23) , and complete remissions have been observed in patients with refractory hematologic malignancies, suggesting the development of a potent graftversus-tumor effect against hematologic tumors (24) .
In this phase I trial, the toxicity and efficacy of allogeneic hematopoietic cell transplantation with the nonmyeloablative regimen of fludarabine, 2 Gy of total body irradiation, and posttransplant cyclosporine/mycophenolate mofetil were evaluated in patients with metastatic renal cell carcinoma. The close association of GVHD with regression of renal cell carcinoma in patients responding to allogeneic hematopoietic cell transplantation (13) (14) (15) (16) (17) (18) suggested that donor T cells recognizing minor H antigens expressed on recipient tissues and renal cell carcinoma tumor cells could mediate graft-versus-tumor responses. Therefore, a major objective of this trial was to determine whether a subset of CD8
؉ minor H antigen-specific CTLs isolated from transplant recipients recognize antigens expressed by renal cell carcinoma tumor cells.
PATIENTS AND METHODS
Patient/Donor Eligibility. The eligibility criteria for this study included histologically confirmed, stage IV renal cell carcinoma, ages Ͻ 75 years, intact organ function (serum creatinine Յ 2.0 g/dL, bilirubin, aspartate aminotransferase, and alanine aminotransferase less than or equal to two times the upper limit of normal, serum ionized calcium within normal limits, cardiac ejection fraction Ն 50%, carbon monoxide diffusion capacity of the lung Ն 50% predicted), Karnofsky performance status Ն 80, absence of brain metastases, absence of ongoing bacterial, viral, or fungal infections, and sibling donors who were matched at the HLA-A, HLA-B, HLA-C, DRB1, and DQB1 loci by molecular typing methods. Donors were between 12 and 74 years of age, with no serious systemic illness, with no known allergy to granulocyte-colony stimulating factor, and not pregnant. Patients and donors gave written informed consent to participate in this study, which was approved by the Institutional Review Board of the Fred Hutchinson Cancer Research Center.
Patient Characteristics. Between March 21, 2000, and March 13, 2002 , eight consecutive patients with metastatic renal cell carcinoma underwent allogeneic hematopoietic cell transplantation from MHC-matched sibling donors ( Table 1) . The patients ranged from 40 to 54 years of age. All patients had undergone prior nephrectomy and had received a median of two prior systemic therapies for metastatic renal cell carcinoma. Seven patients had primarily clear cell histology, and one patient had poorly differentiated papillary histology.
Treatment Plan. The treatment protocol for nonmyeloablative hematopoietic cell transplantation has been previously described in detail (12, 21) . Patients were evaluated for engraftment of donor myeloid and lymphoid cells at days 28, 56, 84, 180, and 365 after hematopoietic cell transplantation and annually thereafter as described previously.
Selection of patients for nonmobilized donor lymphocyte infusion was based on chimerism results for peripheral blood CD3 ϩ cells at day 28 and day 56, in conjunction with clinical evaluation of GVHD and tumor response at day 56. Patients with full (Ͼ95%) donor CD3 ϩ cell chimerism with disease progression and no GVHD were eligible for initial donor lymphocyte infusion at day 65. Patients with mixed CD3 ϩ cell chimerism (Ͼ1% and Ͻ95% donor CD3 ϩ cells) at day 56 and without evidence of GVHD were also eligible for donor lymphocyte infusion on day 65. However, donor lymphocyte infu- Donors underwent leukapheresis and collection of nonmobilized PBMCs on the day of the first donor lymphocyte infusion. After determining the CD3 ϩ cell content, the first dose of donor lymphocytes was infused at 1 ϫ 10 7 CD3 ϩ cells per kg of recipient weight. Additional cells were cryopreserved for subsequent donor lymphocyte infusion as needed. A maximum of four donor lymphocyte infusion could be administered at increasing (1/2 log) CD3 ϩ cell doses. Additional donor lymphocyte infusion could be administered for disease progression in the absence of GVHD at 28 days after a prior donor lymphocyte infusion. Additional donor lymphocyte infusion could also be administered for patients with disease persistence (stable disease or partial regression) or persistent mixed chimerism in the absence of GVHD at 65 days after a prior donor lymphocyte infusion.
Response Assessment. All patients underwent baseline computed tomography scans of chest, abdomen, and pelvis, magnetic resonance imaging scans of the brain, and bone scans within 4 weeks before transplant. Tumor responses were assessed by computed tomography scans and physician examinations in comparison to baseline tests on days 56, 84, 180, 365, and yearly thereafter. Tumor responses were also assessed by magnetic resonance imaging scans of the brain and bone scans in comparison to baseline tests on days 84, 365, and yearly thereafter. Clinical responses were categorized according to the RECIST criteria (25) (Invitrogen) . Peripheral blood samples were obtained pretransplant from patients and their donors. PBMCs were isolated by FicollHypaque density gradient centrifugation and used to establish EBV-LCLs as described previously (27) . The T2 cell line and EBV-LCL derived from individuals of the Centre d'étude du polymorphisme humain (CEPH) reference families 1331, 1341, 1362, and 1416 were maintained as described previously (28, 29) .
Mixed Lymphocyte Culture and Isolation of CD8 ؉ CTL Clones. Peripheral blood samples were obtained from patients 2 to 8 at multiple time points after hematopoietic cell transplantation once donor chimerism of Ͼ80% was established in peripheral blood CD3 ϩ cells. PBMCs were isolated by FicollHypaque density gradient centrifugation and used as responder T cells in mixed lymphocyte cultures as described previously (27) . After two to four in vitro stimulations, the T-cell cultures were cloned by limiting dilution as described previously (27) . Cloning wells were screened visually for growth after 11 to 13 days, and aliquots of wells with visible growth were then screened for lytic activity against chromium-51-labeled patient and donor EBV-LCL target cells. Clones that lysed patient but not donor EBV-LCL targets cells were expanded in culture as described previously (30) . In vitro studies were not initiated for patients with graft rejection (number 7) or rapid disease progression and death without complete donor CD3 ϩ cell engraftment (number 8). Surface phenotype and function of expanded T-cell clones were assessed by flow cytometry 11 to 15 days after stimulation.
Flow Cytometry. After expansion in 25-cm 2 flasks, Tcell clones were screened by flow cytometry with monoclonal antibodies (mAbs) recognizing CD8, CD4, and TCR␣␤ chains (BD Biosciences, San Diego, CA).
Renal Cytotoxicity Assays. Aliquots of 3 to 5 ϫ 10 5 cells were incubated for 1 to 2 hours (renal cell carcinoma tumor cells) or overnight (EBV-LCLs) at 37°C with 50 to 100 Ci of 51 Cr and used as targets in 4-hour cytotoxicity assays as described previously (27) . To determine the minor antigen phenotype of EBV-LCLs from individuals in CEPH reference families 1331, 1341, 1362, and 1416, 5 ϫ 10 5 EBV-LCLs were infected the evening before the cytotoxicity assay with a recombinant vaccinia virus containing an HLA-A*0201 transgene (a generous gift of Dr. Jonathan Yewdell, National Institute of Allergy and Infectious Diseases, Bethesda, MD) or with wild-type vaccinia, both at a multiplicity of infection of 5:1, as described previously (28) .
PCR/Restriction Fragment Length Polymorphism Assays. Genomic DNA was prepared from 3 to 5 ϫ 10 6 EBVLCLs or renal cell carcinoma tumor cells with the QIAmp DNA Blood kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. For determination of genotype for the HA-1 minor H antigen, PCR amplification of a 295-bp fragment of the KIAA0223 gene was performed as described previously (33) . Briefly, amplifications were performed in a 25-L reaction volume containing genomic DNA template with 0.5 mol/L of the forward primer 5Ј-GACGTCGTCGAGGACATCTCCCA-TC-3Ј and the reverse primer 5Ј-CTCTTGAGCCAGTGTACG-CTCA-3Ј in 1ϫ PCR buffer supplemented with 1.5 mmol/L MgCl 2 , 0.2 mmol/L deoxynucleoside triphosphates, and 1 unit iTaq polymerase (Bio-Rad, Hercules, CA). Cycle parameters were as follows: initial denaturation 5 minutes at 94°C; 40 cycles of denaturation at 94°C for 30 seconds; annealing at 58°C for 30 seconds; extension at 72°C for 60 seconds; and final extension at 72°C for 7 minutes. PCR products were digested with Fnu4HI for 2 to 3 hours at 37°C and analyzed on 2.5% agarose gels.
Linkage Analysis. Chromosomal localization of the gene encoding the minor H antigen recognized by the HLA-A*0201-restricted CTL clones 2B3 and 12B3 was performed by genetic linkage analysis, as described previously (28) . Briefly, EBV-LCLs derived from individuals in four large pedigrees-1331, 1341, 1362, and 1416 -from the Utah CEPH Reference Family Collection (34) were phenotyped for minor H antigen expression in a standard 4-hour 51 Cr release assay after overnight infection with a recombinant vaccinia virus carrying an HLA-A*0201 transgene. Genotypes of the CEPH EBV-LCLs for 9900 highly informative microsatellite markers were obtained from the CEPH database v9.0 for the linkage analysis. 5 The minor H antigen phenotype was analyzed with two-point linkage analysis of the genotypes with the MLINK subroutine of the FASTLINK (v4.0) program (35) (36) (37) (38) . All markers were analyzed assuming equal allele frequencies. An autosomal dominant single gene model was assumed for the trait of minor H antigen expression. The frequency of the antigenic minor H allele recognized by the 2B3 and 12B3 CTL clones was estimated at 0.50 and the penetrance set at 0.90.
RESULTS
Engraftment and Toxicity. The content of the donor stem cell inoculum, results of the chimerism studies, and transplant toxicities are summarized in Table 2 ϩ cells at posttransplant day 28 (range, 50 to 90% donor). Two patients subsequently lost their graft and recovered host hematopoiesis. Patient 3 underwent a second hematopoietic cell transplantation from the same donor after conditioning with cyclophosphamide and anti-thymocyte globulin and achieved sustained donor engraftment. This patient subsequently developed acute myelogenous leukemia of donor origin diagnosed 588 days after the second hematopoietic cell transplantation. Patient 7 was not retransplanted because of declining performance status related to progression of renal cell carcinoma.
All patients received the conditioning regimen in the outpatient transplant clinic. Four of the eight patients required a total of seven admissions to the hospital within the first 100 days of transplant for management of infection, GVHD, or other medical complications. The median duration of these hospitalizations was 10 days (range, 5 to 176 days). Three patients did not develop GVHD. Acute GVHD occurred in four patients, grade 2 in two patients, and grade 3 in two patients. Four patients developed extensive chronic GVHD. Infections were the most prevalent grade 3 or 4 organ toxicity (five of eight patients; Table 2 ) and included invasive fungal infections in patients 1 and 4. There were no deaths within the first 100 days after hematopoietic cell transplantation. Five patients died between days 120 and 854. Four deaths were attributable to progressive renal cell carcinoma, and patient 4 died at day 263 from infectious complications of steroid-refractory GVHD that developed after disease progression.
Clinical Response. The best clinical response for each patient is shown in Table 2 . Six of the eight patients experienced progressive disease, with a median time to progression of 84 days (range, 28 to 456 days). Five of six patients with progressive disease died at a median of 254 days (range, 120 to 854 days) after hematopoietic cell transplantation. Two patients have experienced stable disease for 434ϩ and 708ϩ days. One patient, who initially experienced progression of renal cell carcinoma, achieved a partial remission after receiving three donor lymphocyte infusions and IFN-␣ after the third donor lymphocyte infusion. After two donor lymphocyte infusions (infused on days 70 and 126), the patient converted from mixed chimerism (50%) to full donor peripheral blood CD3
؉ cells and experienced partial regression of metastases without GVHD. Subsequently, the patient again developed disease progression despite maintaining 100% donor chimerism, and a third donor lymphocyte infusion was administered (on day 393). Thirty days after the third donor lymphocyte infusion, the patient was started on IFN-␣ at 3 million units per day s.c. Three months after the start of IFN-␣ therapy, dramatic regression of all of the patient's metastases in lung, nodes, and liver was observed. At the last follow-up, the patient had only a small radiographic abnormality in the liver that exhibited water density and did not enhance with continued i.v. contrast. The patient continued to have no evidence of GVHD 789 days after hematopoietic cell transplantation.
CTL Responses to Minor Histocompatibility Antigens. A major objective of this study was to determine whether donor-derived cytotoxic T-cell responses specific for recipient minor H antigens expressed on renal cell carcinoma tumor cells developed in recipients of nonmyeloablative hematopoietic cell transplantation. In vitro studies were completed for five consecutive patients (2 to 6). A total of 39 CD8
؉ cytotoxic T-cell clones that were specific for recipient minor H antigens based on cytotoxicity for recipient but not donor EBV-LCL target cells was isolated from the five patients. The class I MHC-restricting allele was determined for 31 of the 39 CTL clones by testing the clones for cytolytic activity against panels of allogeneic EBV-LCL target cells that shared one or more class I MHC alleles with the donor-recipient pair from whom each clone was derived (data not shown). Minor H antigen-specific CTL clones were isolated from 6 of 7 posttransplant PBMC samples evaluated in vitro, including samples obtained from patients receiving systemic immune suppression with cyclosporine (patients 3 and 6) or cyclosporine plus prednisone (patients 4 and 5). CTL clones recognizing two to four distinct minor H antigens were isolated from each of the five patients studied (Table 3) . Flow cytometric analysis revealed that all of the CTL clones listed in Table 3 expressed both CD8 and TCR␣␤ (data not shown).
The panel of CTL clones isolated from the five patients studied identified 14 distinct minor H antigenic specificities based on the reactivity pattern of the individual CTL clones for the allogeneic EBV-LCLs used to identify the class I MHCrestricting allele (Table 3) . A total of seven of the CTL clones in Table 3 recognized minor H antigens presented by MHC alleles such as HLA-A2 (five clones), HLA-A3 (one clone), and HLA-B7 (one clone), which previously have been shown to present minor H antigens defined in our laboratory (29) 6 or others (39 -43) . To determine whether these clones recognized one or more previously defined HLA-A2-, HLA-A3-, or HLA-B7-restricted minor H antigens or alternatively recognized novel specificities, the clones were tested for recognition of target cells pulsed with minor H antigen peptides and/or extended panels of target cells with previously defined minor H antigen phenotype. This analysis was sufficient to establish that all but one of the HLA-A2-, HLA-A3-, and HLA-B7-restricted clones in Table 3 recognized novel specificities. The sole exception was the HLA-A2-restricted clone 9 isolated from patient 2, which was found to recognize the HA-1 minor H antigen, VLHDDLLEA, encoded by the KIAA0223 gene (42) and presented by HLA-A*0201 (Fig. 1A) . Genotyping of patient 2 and the donor for the polymorphism that distinguishes the antigenic HA-1 H allele of KIAA0223 from the nonantigenic HA-1 R allele revealed that the recipient was HA-1 H/H , whereas the donor was HA-1 R/R , thus confirming that a HA-1-specific donor anti-recipient CTL response was possible in this donorrecipient pair.
Recognition of Renal Cell Carcinoma Tumor Cells By CD8
؉ Minor H Antigen-specific CTL Clones. The association of posttransplant renal cell carcinoma regression with the development of GVHD in several studies (13) (14) (15) (16) (17) (18) has suggested that minor H antigens that are expressed on renal cell carcinoma cells could potentially serve as targets for graft-versus-tumor responses. To determine whether any of the 14 distinct minor H antigens recognized by the panel of CTL clones isolated in this study (Table 3) are expressed on renal cell carcinoma tumor, clones were tested for recognition of renal cell carcinoma tumor lines in cytotoxicity assays. Because tumor biopsy was not required for entry into this trial and therefore no autologous tumor was available from the five patients (2 to 6) from whom minor H antigen-specific clones were isolated, the clones were tested for recognition of panels of allogeneic renal cell carcinoma tumor cell lines ( Table 4 ) that were known to express the relevant class I MHC-restricting allele for each clone. The wide variety of class I MHC alleles expressed by the renal cell carcinoma tumor lines listed in Table 4 made it possible to test the recognition of renal cell carcinoma cells by CTL clones specific for 10 of the 14 minor H antigens recognized by our panel of CTL clones, including at least one clone from each of the five patients studied. The availability of EBV-LCLs paired with 10 of the renal cell carcinoma tumor lines allowed for the definitive determination of the minor H antigen phenotype of the individuals from whom the renal cell carcinoma tumor cell lines were isolated. CTL clones recognizing four distinct minor H antigens were isolated from patient 2, who achieved a partial response after hematopoietic cell transplantation, and all four clones demonstrated MHC-restricted cytolytic activity against renal cell carcinoma target cells; three of these clones were restricted by HLA-A2. One of the four clones was clone 9, which recognized the HLA-A*0201-restricted HA-1 minor H antigen encoded by KIAA0223. Surprisingly, although other groups have reported that HA-1 mRNA was detectable in a subset of renal cell carcinoma tumor cell lines propagated in vitro (44, 45) , the cytolytic activity of HA-1-specific CTL against renal cell carcinoma tumor cells has not previously been reported. A panel of eight renal cell carcinoma tumor cell lines expressing HLA-A*0201 was collected and the HA-1 genotype for each tumor line determined by PCR-restriction fragment length polymorphism analysis of genomic DNA ( Table 4) . Five of these eight renal cell carcinoma tumor lines were heterozygous (A498, 1.11, 1.24, CAJE, and DOBSKI) and one line homozygous (FARP) for the antigenic HA-1 H allele of KIAA0223 encoding the HA-1 peptide epitope. When tested in standard 51 Cr release assays, clone 9 showed robust lytic activity against three of the six HA-1 H -bearing tumor lines (FARP, CAJE, and DOBSKI; Fig. 1B) . The three other HLA-A*0201 ؉ /HA-1 H -bearing renal cell carcinoma lines that were not effectively recognized by clone 9 (A498, 1.11, and 1.24) could be sensitized for recognition with exogenous synthetic HA-1 peptide (VLHDDLLEA), as could the two HA-1 R/R renal cell carcinoma targets (TREP and SST125), suggesting that the levels of HLA-A*0201 on the surface of all eight renal cell carcinoma target cells were sufficient for CTL recognition (Fig. 1C) .
Three additional clones isolated from patient 2, all of which recognize novel minor H antigen specificities, also showed None None * Posttransplant day peripheral blood was collected as a source for in vitro T-cell culture. † Immune-modifying therapies administered at the time peripheral blood samples were obtained: CSP, cyclosporine; Pred, prednisone. ‡ CTL clones were confirmed to be of donor origin by analysis with fluorescence in situ hybridization with Y chromosome-specific probes in sex-mismatched donor/recipient pairs or informative microsatellite markers in sex-matched donor-recipient pairs.
§ Representative specific lysis of patient-and donor-derived EBV-LCL targets in a 4-hour chromium-release cytotoxicity assay with an E:T ratio of 10:1 or 5:1.
¶ Isolation of additional clone(s) with the same specificity for allogeneic targets indicated by (ϩ). ʈ Posttransplant day relative to patient's second transplant. Abbreviation: ND, not determined.
MHC-restricted cytolytic activity against renal cell carcinoma targets. CTL clone 5C10 was HLA-B51 restricted and recognized one of two HLA-B51 ؉ EBV-LCLs ( Fig. 2A) and the associated renal cell carcinoma tumor line (Fig. 2B ) but did not recognize either of two additional HLA-B51 ؉ renal cell carcinoma tumor lines for which paired EBV-LCLs were not available, nor did it recognize HLA-B51-negative renal cell carcinoma lines or the class I MHC-negative target cell K562 (data not shown). CTL clone 2B3 was HLA-A2-restricted and recognized one of four HLA-A2 ؉ EBV-LCLs (Fig. 2C) and the associated renal cell carcinoma tumor line (Fig. 2D ). This clone also recognized (35 to 55% specific lysis at E:T ϭ 10:1) three of four additional HLA-A2 ؉ renal cell carcinoma tumor lines for which no paired EBV-LCL lines were available (data not shown). CTL clone 17 was also HLA-A2 restricted and showed cytolytic activity against four of four HLA-A2 ؉ EBV-LCLs (Fig. 2E) and the associated renal cell carcinoma tumor lines (Fig. 2F) . This clone also lysed all four of the additional HLA-A2 ؉ renal cell carcinoma tumor lines without paired EBVLCLs (data not shown). Neither 2B3 nor clone 17 showed any recognition of HLA-A2-negative renal cell carcinoma targets or of the class I MHC-negative K562 (data not shown). Thus, the three renal cell carcinoma-reactive HLA-A2-restricted CTL clones isolated from patient 2-clone 9, 2B3, and clone 17-recognize distinct minor H antigens that are expressed in different proportions of the HLA-A2 ؉ population. Of the eight unique CTL clones, defining eight distinct minor H antigens, that were isolated from patients 3, 4, and 5 (Table 3) , MHC-restricted recognition of renal cell carcinoma tumor cells could only be conclusively demonstrated for one. For four of the clones, attempts to identify their class I MHCrestricting elements were unsuccessful despite testing the clones against extended panels of allogeneic EBV-LCL targets sharing one or more of the donor-recipient class I MHC alleles, suggesting that these CTLs may recognize minor H antigens encoded by polymorphic genes that are present at low frequency in the population. Two of the clones-2H4 and 24B4-4 -showed MHC-restricted recognition of multiple allogeneic EBV-LCLs but not of their paired renal cell carcinoma tumor cell lines, suggesting that the minor H antigens recognized by these clones are expressed in EBV-LCLs but not in renal cell carcinoma tumor cells at a level sufficient to trigger the cytolytic program. ؉ RCC tumor cell lines was tested for HA-1 genotype by PCR-restriction fragment length polymorphism and then assessed for recognition by the CD8 ؉ HA-1-specific CTL clone 9 in a 51 Cr release assay at the indicated E:T ratios. Lines carrying an HA-1 H allele that encodes the antigenic HA-1 peptide are indicated by an asterisk. Class I MHC-negative K562 cells are also included as a negative control. C. The five RCC lines from A showing Ͻ20% specific lysis at E:T 10:1 were pulsed with HA-1 peptide (VLHDDLLEA) at 1 g/mL for 1 hour at 37°C, washed twice, and then tested for recognition by CTL clone 9 in a 51 Cr release assay at the indicated E:T ratios.
The sole renal cell carcinoma-reactive clone in this group was the HLA-B7-restricted clone 3A12, which was isolated from patient 3 who had stable disease after a second transplant. This CTL clone showed cytolytic activity against three of three HLA-B7 ؉ EBV-LCLs (Fig. 3A) and the three associated renal cell carcinoma tumor lines, as well as an additional HLA-B7 ؉ renal cell carcinoma tumor line (Fig. 3B) .
Two of the three unique CTL clones isolated from patient 6, who had stable disease after hematopoietic cell transplantation, showed MHC-restricted recognition of renal cell carcinoma tumor cells. The HLA-A2-restricted clone 1D8 recognized three of four HLA-A2 ؉ EBV-LCLs (Fig. 4A) and their associated renal cell carcinoma tumor lines (Fig. 4B ). This clone also demonstrated lytic activity against three of four additional HLA-A2 ؉ renal cell carcinoma tumor lines without paired EBV-LCLs (data not shown). The second renal cell carcinomareactive clone isolated from this patient, 12B3, which was also HLA-A2 restricted, was notable because its reactivity pattern against 11 allogeneic HLA-A2 ؉ EBV-LCL lines coincided perfectly with that of CTL clone 2B3, isolated from patient 2 (data not shown), suggesting the possibility that these two clones recognize the same minor H antigen. When tested for recognition of EBV-LCL from patient 2, patient 6, and their respective donors, clones 2B3 and 12B3 both showed lytic activity against EBV-LCLs from the two patients but not the two donors. Finally, when tested against HLA-A2 ؉ EBV-LCLs paired to renal cell carcinoma tumor lines, the CTL clone 12B3 recognized one of four EBV-LCLs (Fig. 4C) and its associated renal cell carcinoma tumor line (Fig. 4D) -the same EBV-LCL/renal cell carcinoma pair as recognized by clone 2B3 from patient 2-and demonstrated robust lytic activity against the same three additional HLA-A2 ؉ renal cell carcinoma tumor lines without paired EBV-LCLs that were recognized by 2B3 (data not shown). These results strongly suggest that the 2B3 and 12B3 CTL clones recognize the same minor H antigen. The Gene Encoding the Minor H Antigen Recognized by CTL Clones 2B3 and 12B3 Is Linked to Chromosome 19q. Molecular characterization of minor H antigens that are expressed on renal cell carcinoma cells and recognized by CTLs isolated from renal cell carcinoma patients whose disease regresses posttransplant will allow for further study of the contri- (42) . Alternate HA-1 R allele encodes arginine at position 3. Abbreviation: ND, not determined.
Fig. 2 Recognition of paired EBV-LCLs and renal cell carcinoma (RCC) tumor cells by CD8
ϩ RCC-reactive minor H antigen-specific CTL clones isolated from patient 2. The HLA-B51-restricted clone 5C10 and the HLA-A2-restricted clones 2B3 and clone 17 were tested for cytolytic activity against EBV-LCLs derived from patient 2 and the donor, as well as allogeneic HLA-B51 ؉ or HLA-A2 ؉ individuals, respectively (A, C, and E), and against HLA-B51 ؉ or HLA-A2 ؉ RCC tumor cell lines derived from the same allogeneic individuals (B, D, and F) in a 51 Cr release assay at the indicated E:T ratios.
bution of CTL responses against these antigens to graft-versustumor effects. Such molecular characterization would allow, for example, the quantitation of antigen expression in malignant versus normal tissues and the enumeration of CTL responding to these antigens after allogeneic hematopoietic cell transplantation. In this study, CTL responses against the HLA-A2-restricted minor H antigen recognized by the renal cell carcinoma-reactive CTL clones 2B3 and 12B3 occurred in both patient 2, who experienced a partial response of renal cell carcinoma after hematopoietic cell transplantation, and also in patient 6, who had stable disease for Ͼ700 days posttransplant, suggesting that these responses might potentially have contributed to graftversus-tumor activity in these two patients. Our group has previously demonstrated the feasibility of using genetic linkage analysis to identify the genes encoding minor H antigens (28) . We therefore applied the same strategy to begin identification of the gene encoding the HLA-A2-restricted minor H antigen recognized by CTL clones 2B3 and 12B3. All available EBV-LCLs derived from individuals in Utah CEPH reference families 1331, 1341, 1362, and 1416 were evaluated for minor H antigen expression by infecting them overnight with a recombinant vaccinia virus encoding HLA-A2 (Vac/A2) or wild-type vaccinia (Vac/wt) and testing them for recognition by CTL clones 2B3 and 12B3 in a standard 4-hour cytotoxicity assay. Concordant HLA-A2-dependent recognition of all 63 EBV-LCL targets by clones 2B3 and 12B3 was seen, thus confirming that these two clones recognize the same minor H antigen presented by HLA-A2. Each individual was classified as minor antigen positive or negative, as described previously (28) . A genome-wide search for linkage was then conducted, with regularly spaced, highly informative microsatellite markers from the CEPH database v9.0. Two-point linkage analysis revealed that a cluster of marker loci on distal chromosome 19q13 was significantly linked (loci on distal score Ͼ 3.0) with the minor H antigen phenotype, with a maximum loci on distal score of 4.29 at ϭ 0.001 for marker KLK(AC) ( Table 5) . No other chromosomal region showed significant loci on distal scores. The candidate region, which encompasses the kallikrein gene cluster, does not contain any genes that previously have been identified as encoding any CTL-defined minor H antigens. These results therefore confirm that the minor H antigen recognized by clones 2B3 and 12B3 is indeed novel and that it is encoded by a gene located on the long arm of chromosome 19.
DISCUSSION
The initial trials of reduced intensity allogeneic hematopoietic cell transplantation regimens for metastatic renal cell carcinoma have generated considerable interest because responses were observed in patients who had experienced progressive disease after conventional immunotherapy (13-15, 17, 18) , and some of these responses have been durable for Ͼ4 years (46) . However, despite the use of reduced intensity conditioning regimens, the management of conditioning-related toxicity generally required inpatient care, and treatment-related complications have been responsible for deaths in 11 to 33% of patients treated in this fashion (13) (14) (15) (16) (17) 47) . The low toxicity of 51 Cr release assay at the indicated E:T ratios. Fig. 3 Recognition of EBV-LCLs and renal cell carcinoma (RCC) tumor cells by a CD8 ϩ RCC-reactive minor H antigen-specific CTL clone isolated from patient 3. The HLA-B7-restricted clone 3A12 was tested for cytolytic activity against EBV-LCLs derived from patient 3 and his donor, as well as allogeneic HLA-B7
؉ individuals (A), and against HLA-B7
؉ RCC tumor cell lines derived from the same allogeneic individuals (B) in a 51 Cr release assay at the indicated E:T ratios. Cytolytic activity against an additional HLA-B7
؉ RCC tumor cell line (786-0) for which no paired EBV-LCLs was available, two HLA-B7-negative RCC tumor cell lines (FARP and GERK), and the class I MHC-negative K562 cell line are also presented in B. The HLA-B7 the fludarabine/total body irradiation conditioning regimen combined with posttransplant cyclosporine/mycophenolate mofetil has been established in patients with hematologic malignancies (12, 21, 23) . This study confirms the limited toxicity of this conditioning regimen in patients with metastatic renal cell carcinoma. Four of the eight renal cell carcinoma patients were managed entirely in the outpatient clinic, and none of the patients died within the first 100 days after hematopoietic cell transplantation.
Mixed chimerism of peripheral blood CD3 ϩ cells at 28 days after hematopoietic cell transplantation was observed in all eight renal cell carcinoma patients in this study, but two patients failed to achieve durable donor engraftment. The graft rejections were nonfatal and both patients recovered host hematopoiesis. For patients with hematologic malignancies, intensive chemotherapy received before transplant has been associated with a reduced risk for graft rejection, presumably by contributing to host immunosuppression (12, 23) . Chemotherapy lacks efficacy against renal cell carcinoma and is not commonly used for these patients. In addition, the majority of renal cell carcinoma patients treated in this and similar studies had received prior IL-2 or IFN therapy, potentially augmenting host antidonor immune responses after hematopoietic cell transplantation. Increasing host immunosuppression by escalating the dose and duration of posttransplant mycophenolate mofetil to 15 mg/kg three times daily from day 0 through day 40 has been used effectively in patients with hematologic malignancies undergoing nonmyeloablative hematopoietic cell transplantation from unrelated donors (48, 49) and might decrease the rate of graft rejection while maintaining low toxicity in renal cell carcinoma patients undergoing nonmyeloablative hematopoietic cell transplantation.
The overall incidence of acute GVHD appears to be reduced after nonmyeloablative hematopoietic cell transplantation compared with ablative hematopoietic cell transplantation (22) . Nevertheless, GVHD still occurs in greater than half the patients treated by nonmyeloablative hematopoietic cell transplantation and remains a major cause of posttransplant morbidity and mortality. In this study, patient 4 died at day 263 from refractory infections related to high-dose immunosuppression for treatment of GVHD. In total, four of eight patients (six patients with sustained engraftment) developed grade 2 to 3 acute GVHD and four developed extensive chronic GVHD. Despite small patient numbers, the incidence of GVHD was similar to our experience with this regimen in patients with hematologic malignancies (22) .
Striking regression of widespread metastatic lesions was seen in one patient (number 2) on this study who had earlier failed IL-2 therapy and had progressive disease at the time of transplantation, and two additional patients continue to have stable disease 434ϩ and 708ϩ days after hematopoietic cell transplantation, suggesting the development of a renal cell carcinoma-reactive graft-versus-tumor effect in a subset of patients. The effector mechanisms leading to renal cell carcinoma regression or stabilization after nonmyeloablative allogeneic hematopoietic cell transplantation remain largely undefined. A larger total number of donor-derived IFN-␥-secreting CD8 ؉ T cells in posttransplant peripheral blood was associated with renal cell carcinoma regression in a cohort of renal cell carcinoma patients (20) . However, the specificity of such circulating CD8 ؉ T cells for tumor-associated antigens versus pathogens or recipient tissue antigens that were not expressed on renal cell carcinoma was not determined. Thus, differences in the magnitude of the donor-derived tumor-reactive CTL response between responders and nonresponder renal cell carcinoma patients are unknown.
In this article, we demonstrate that CD8 ϩ CTL specific for recipient minor H antigens could be detected in the peripheral blood of all five renal cell carcinoma patients studied who developed full donor chimerism of peripheral blood CD3 ϩ cells after nonmyeloablative allogeneic hematopoietic cell transplantation (or after a second transplant in the case of patient 3). Furthermore, we provide direct evidence that a subset of these CD8 ϩ T cells specific for minor H antigens were capable of recognizing antigen expressed on renal cell carcinoma tumor cells. Seven CD8
ϩ CTL clones obtained from three patients, two with stable disease and one with a partial response, demonstrated robust MHC-restricted recognition of renal cell carcinoma tumor cell lines. These observations suggest that CD8 ϩ CTL specific for minor H antigens may detect antigen on renal cell carcinoma cells in vivo and could contribute to tumor regression after nonmyeloablative allogeneic hematopoietic cell transplantation.
The close association of GVHD with responses of renal cell carcinoma after allogeneic hematopoietic cell transplantation observed in prior studies (13) (14) (15) (16) (17) (18) suggested minor H antigen-specific CD8 ϩ T cells may contribute to graft-versus-tumor effects in patients with renal cell carcinoma. Primary renal cell carcinoma specimens express class I HLA molecules (50), but the extent to which renal cell carcinoma tumor cells present class I MHC-restricted minor H antigens to CD8 ϩ CTL had not been previously evaluated. Our group and others have previously reported that CD8 ϩ CTL-recognizing minor H antigens on hematopoietic target cells can be detected in the peripheral blood of most leukemic patients after conventional myeloablative allogeneic hematopoietic cell transplantation (27, 51) , and we have identified the genes encoding the epitopes recognized by several such CTL clones (29, 52, 53) . 6 The molecularly characterized minor H antigen HA-8 encoded by the KIAA0020 gene is ubiquitously expressed in normal human tissues, and donor-recipient disparity for HA-8 has been associated with the development of acute GVHD after hematopoietic cell transplantation (54) . We have found that a CTL clone specific for HA-8 lyses renal cell carcinoma targets cells in vitro that express both the HLA-A2-restricting allele for HA-8 and the antigenic allele of the KIAA0020 gene. 7 The ubiquitously expressed minor H antigen HA-3 (55) was also recognized by a HA-3-specific CTL clone in HLA-A1-expressing renal cell carcinoma target cell lines that carried the antigenic allele of Lbc/AKAP13. 7 Thus, CTL responses elicited in renal cell carcinoma patients against broadly expressed minor H antigens such as HA-8 or HA-3 presented by both normal host tissues and renal cell carcinoma tumor cells could account for the association of GVHD with tumor regression.
In this study, patient 2 achieved a partial response of renal cell carcinoma without clinical signs of GVHD. The observation of renal cell carcinoma regression without GVHD was also reported in another studies (13, 17, 56) . These data suggest that posttransplant GVHD and graft-versus-tumor activity are not uniformly linked for all patients. Effector cells mediating graftversus-tumor effects against renal cell carcinoma by recognizing antigens that are expressed in tumor cells but not broadly expressed in normal tissues could explain these clinical observations. Interestingly, a CTL clone specific for the HA-1 minor H antigen was isolated from patient 2. The expression of the KIAA0223 mRNA that encodes HA-1 has previously been shown to be limited to hematopoietic cells and a subset of epithelial tumors (44, 45, 57) . Our results extend these observations by demonstrating conclusively that the HA-1 minor antigen is expressed in a subset of renal cell carcinoma tumors that carry the antigenic HA-1 H allele. Additional novel minor H antigens recognized by other CTL clones isolated from this or other patients may also recognize minor H antigens with preferential expression in tumor cells and hematopoietic cells versus normal epithelia that are the target for GVHD. In this article, we have not directly searched for CTL-recognizing antigens that were expressed in renal cell carcinoma tumor but not in hematopoietic antigen presenting cells (APC). Such antigens might include kidney-or tumor-specific polymorphic minor H antigens or nonpolymorphic antigens derived from overexpressed (58) or mutated self proteins (59, 60) that could also selectively serve as targets for graft-versus-tumor responses but not GVHD. The use of autologous CD80-transfected renal cell carcinoma tumor cells as APC (61, 62) to facilitate the isolation of CD8 ϩ CTL-recognizing antigens with tumor-specific expression developing posttransplant is currently under investigation in our laboratory.
The CTL clones generated in this study recognizing novel renal cell carcinoma-associated minor H antigens can be used to identify the genes that encode their peptide ligands (29, 39 -43, 52, 53, 55, 63-65) . 6 The gene encoding the antigen recognized by CTL clones isolated from two different patients in this study has been linked to 19q13, a genetic locus not previously associated with a human minor H antigen. Identification of this gene and additional characterization of the minor antigen that it encodes remain an active focus of interest in our laboratory. The molecular characterization of renal cell carcinoma-associated minor histocompatibility antigens derived from patients experiencing regression of renal cell carcinoma will allow for both the assessment of antigen expression in primary renal cell carcinoma tumor samples, as well as normal host tissues, in addition to the quantitation of donor-derived CTLs responding to such antigen targets, and will thereby provide insight into the mechanisms that mediate renal cell carcinoma regression after allogeneic hematopoietic cell transplantation. The identification of additional minor H antigens such as HA-1 with preferential expression in renal cell carcinoma tumor versus normal epithelial tissues may form the basis for a new generation of nonmyeloablative allogeneic transplantation trials for renal cell carcinoma that could incorporate posttransplant vaccination or adoptive cellular therapy designed to augment the renal cell 7 S. Tykodi and E. Warren, unpublished observations. 
